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QCD in Twenty-One Century

M Theog v (1) Higgs Particle —
31 —002750:000033 {ff ¢ - Origin of Mass
1i=~0.02749:0.00010 '

\ incl. low Q° data = SM 9 The Theory

(2) QCD Phase Structure —
- Critical point, phase boundaries
F— e | - Confinement
- Xc symmetry
- Nucleon helicity structure

e

Non-linear QCD at small-x

Temperature T/T

- Emerging properties

Baryon Chemical Potential ug/T
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1) QCD is the basic theory for strong interaction. Its degrees of
freedom are well defined at short distance.

2) Little is known regarding the dynamical structures of matter, e.g.
the confinement, nucleon spin, the QCD phase structure... Large
ag and strong coupling — QCD at long distance.
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- The confinement:
Quarks are the basic building blocks of matter.
No free quarks are seen, confined within hadron:
Avy~1fm3, py~0.16 fm3, ¢,~0.15 GeV/fim3

- Heavy ion collisions: Large, hot/dense system

Av ~ 1000 fm3 = 1000 v, T.D.lee

>> 3 fm3 ~ 20 p, = Quark Gluon Plasma (QGP)
e >>3 GeV/fm3 ~ 20 ¢,

AQGP: Quarks and gluons are ‘freely’ moving in a large volume
New form of matter with partonic degrees of freedom
AQCD Phase Structure

- Connection with other fields
cosmology, origin of the universe, evolution of the universe
gquantum statistics with partons
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The QCD Phase Diagram and
High-Energy Nuclear Collisions

FAIR/NICA '

o

Temperature T/T,

2
Baryon Chemical Potential ug/T -




Temperature

Phase Diagram: Water

Water Vapor

100°C

0°C

Ice

Liquid
Water

Phase diagram: A map shows
that, at given degrees of
freedom, how matter organize
itself under external
conditions.

Water: H,0

The QCD phase diagram:
structure of matter with quark-
and gluon-degrees (color

760mm

Pressure

p- degrees) of freedom.
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QCD Phase Diagram (1953
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= Outline

1) Introduction: QCD phase structure
2) Experiments at RHIC and LHC
3) Selected Results: QCD matter formation

4) Summary and Outlook
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Relativistic Heavy lon Collider @
rookhaven National Laboratory (BNL), Upton, NY

PHOBOS o1

- RHIC: The high-energy

heavy-ion collider
(i) Dedicated QCD collider
(ii) Vspy = 200 - 5 GeV
(iii) U, Pb, Au, Cu, d, p

- RHIC: The highest energy

polarized proton collider!
\/s 200 500 GeV
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STAREMC

Neutral particles Strange Jets Heavy Quark
hyperons Hadrons

Multiple-fold correlations for both HI and Spin physics!
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ﬁ| STAR Physics Focus
p
\) .. \) Polarized p+p program
. - Study proton intrinsic
> properties
> -
2020 -
i e SHO/K Forward program eRHIC
o - Study low-x properties, initial (eSTAR)
) [ o condition, search for CGC
- Study elastic and inelastic
| o processes in pp2pp
L mA2  Ink? nQ?
p
E 200-5‘" Quarks and Gluons 1) At 200 Gev at RHIC
= |2 Criteal point? - Study medium properties, EoS
2 |F \ » - pQCD in hot and dense medium
o 100_1 2 Hadrons %,,o
g LA 2) RHIC beam energy scan (BES)
) / e Clorsuer - Search for the QCD critical point
o1 — T — - Chiral symmetry restoration
\.
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One dedicated HI experiment: ALICE
Two pp experiments with HI program:
ATLAS and CMS

A N §

— S - o
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LHC - B CERN
w2l OINt 8 -=== ATLAS ALICE
? sl ;| Point 1 =z Point 2
ATLAS ' ] b
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2l ALICE Experiment

EM Calorimeters

Central tracker:
In| < 0.9
High resolution
« TPC
« ITS

Particle identification

*HMPID ~ |Forward p-arm
*TRD | 4<n<-25
*TOF
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High-Energy Nuclear Collider Experiments

PHENIX (Pioneering High Energy
Nuclear lon Experiment)




Pb-Pb Event Displa

Pb+Pb @ sqrt(s) = 2.76 ATeV

2011-11-12 06:51:12
Fill : 2290

Run : 167693

Event : 0x3d94315a

ALICE
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o

Tranverse Momentum (GeV/c)

Au + Au

leading particle suppressed Z

back-to-back jets disappear

Nuclear Modification Factor:

1 d?c4 /dprdy

R —
A4(pr) Tap d?oNN /dprdy

W
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Hadron Suppression at RHIC

Au + Au collisions at Vs, = 200 GeV
|

(a) 60-80% (b) 40-60% (c) 30-40%
10 p 1 T
(d) 20-30% (e) 10-20% (f) 5%

R,a = N(Au+Au)/(T g X N(p+p))
jreewny g1oidrelep e dednebo0z IWAI D002/ DMJIGUBIYL T/EXD LY

] ] .
10
0 2.5 5 7.5 10 0 2.5 5 7.5 10 0 25 5 7.5 10

Transverse momentum p, (GeV/c)

Hadron suppression in more central Au+Au collisions!
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Suppression and Correlation
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In central Au+Au collisions at sy, = 200 GeV: light quark
hadrons and away-side jets are suppressed.

Energy density at RHIC: ¢ > 5 GeV/fm?3~ 30*¢g,

pQCD predictions: M. Gyulassy & X.N. Wang, 1992

W
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Nuclear Modification Factor
PHENIX: PRC69, 034910(04)
STAR: PRL91, 172302(03) . - |
c:E ALICE, charged particles, Pb-Pb 0:“ ALICE, charged particles, Pb-Pb

=276 TeV, | 1| < 0.8 \[Syy = 2.76 TeV, 0-5%, | n | < 0.8

Mg mme e ® | e T N xwie

ALICE Preliminary |

R ® ALICE Pb-Pb\/s=2.76 TeV (0-5%)
| < ® PHENIX Au-Au\/s=200 GeV (0-10%)
- 0.0 @ STAR Au-Au\/s=200 GeV (0-5%)
°®
e 0

® ALICE Data
— HT (X.N.W.) lower density
HT (X.N.W.) higher density
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elastic (T.R.) large Pesc
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1) At LHC(2.76TeV), the energy loss is stronger than that from RHIC (0.2TeV)
=>» hotter/denser medium created at higher collision energy

2) pQCD predictions consistent at larger p; region: > 10 GeV/c
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Anisotropy Parameter v,

coordinate-space-anisotropy > momentum-space-anisotropy

y
}

Initial/final conditions, EoS, degrees of freedom




Energy Dependence

ALICE data: Phys. Rev. Lett. 105, 252302 (2010)
I T I— T 1

(a1) 10 - 20% [ ®n20-30% | (<:1)3(')-4'o°/°II
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Stronger collective flow at higher collision energies
JERR 7%, STAR, CPOD2011
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Partonic Collectivity at RHIC

Vs, = 200 GeV "%"Au+"""Au Collisions at RHIC

25 [~ (a) Light quarks 1 (b) Strange quarks
STAR: preliminary
,.A-A:A. A-A ...... | * *-* """ * """
4 0 | A
B0 | /AL -
A 1 ,o*
A o

! | ! ! ! ! | !
2 3 4 50 1 2 3 4 5
Transverse Momentum p-. (GeV/c)
Low p+ (= 2 GeV/c): hydrodynamic mass ordering
High p; (> 2 GeV/c): number of quarks scaling

=» Partonic Collectivity, necessary for QGP!
=» De-confinement in Au+Au collisions at RHIC!
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Physics Today, May 2005

200

== Helium 0.1 MPa
= Nitrogen 10 MPa
150 = Water 100 MPa

100 |-

VISCOSITY/ENTROPY DENSITY
o
(=)
1

4 111601 (2005).

RHIC results

M . L G e |
1 10

o |
100

TEMPERATURE (K)

1) n/s 2 1/4m

Al
1000

2) n/s(QCD matter) < n/s(QED matter)
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Antimatter at LHC
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Antimatter Discoveries at RHIC

m April, 2011 SCienCe March, 2010

“Observation of the
Antimatter Helium-4 Nucleus”

by STAR Collaboration
Nature, 473, 353(2011).

“Observation of an
Antimatter Hypernucleus”

by STAR Collaboration
Science, 328, 58(2010).

signal candidates

rotated background

—

signal+background fit
" 1 " "

oL . . . PR TSl LS S Vi i
2.95 3 3.05 3.1
5 3 35 4 4 *He + n* Invariant mass (GeV/c?)
Mass (GeV/c?)
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STAR Experiment: Nature, 473, 353(2011), Top 100 by Discover Magazine
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Baryon Number

1) In high-energy nuclear collisions, N(d) >> N(a):
QGP = (anti)light nuclei via coalescence
2) In the Universe, N(d) << N(a): N(anti-a)?
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Beam Energy Scan at RHIC

Study QCD Phase Structure
- Signals of phase boundary Observations:

- Signals for critical point
_ (1) Azimuthally HBT
iEarly e The Phases of QCD 1st order phase transition

: LHC Experiments
\:.;urn;;m RHIC Experiments (2) DireCted ﬂOW V1
1st order phase transition

()
| -
>
-—
©
—
()
o
5
l_

(3) Dynamical correlations
partonic vs. hadronic dof

(4) v, - NCQ scaling
partonic vs. hadronic dof

(5) Fluctuations
Critical point, correl. length

Critical Point

Hadron Gas Superconductor

Nuclear / - http://drupal.star.bnl.gov/STAR/starnotes

Matter Neutron Stars
i B /public/sn0493

900 MeV
Baryon Chemical Potential

- arXiv:1007.2613
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Scale of Hot/Dense Matter on LGT

[ TTT TI
Lattice QCD

"OT.=165 MeV
- AT,=170 MeV
| 0 T.=175 MeV
| & T.=180 MeV

32 T,=190 MeV

T

@ Exp. Data |

160

T, (MeV)

Science June, 2011
AVAAAS

“Scale for the
Phase Diagram of

Quantum
Chromodynamics”

Science, 332, 1525(2011)

1) Central collisions at RHIC, the high moments measurements are
consistent with thermal equilibrium assumption
2) Scale of LGT, determined with the data, is: T,=175*1_, (MeV)

STAR, PRL105, 22303(2010); S. Gupta, £ I5l%, B. Mohanty, H.G. Ritter, ¥4, Science, 332, 1525(2011);

F. Karsch and K. Redlich, PLB695, 136(2011); R.V. Gavai and S. Gupta, PLB696, 459(2011).
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2012 | 2013 | 2014 | 2015 | 2016 |2017 | 2018 | 2019 | 2020

Sin
m
HFT: Heavy flavor physics program

I I

BES-l  *e-cooling, BES-II, sy < 20GeV
I M

RHIC

y-jet, y-hadron, e-y, ... high luminosity

v

Forward tracking upgrade, connection to eSTAR/eRHIC

Start CBM physics>group
[ [

LHC full energy physics program (5.5 TeV)
I g

LHC FAIR

W
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Outlook: eRHIC

eRHIC:
(2022-2025)

e beam: 20-30 GeV
p beam: 325 GeV
ion beam: 130 GeV
1 dedicated detector

1) e-ring: 2 SRF LINAC, 1-5
GeV per pass, 4 (6) passes.

ePHENIX/eSTAR:
(2018-2022)

2) RHIC: 325 GeV p or 130 GeV
Au with DX magnets removed.

)
£)
RZ,

e beam: 5 GeV
p beam: 325 GeV
ion beam: 130 GeV

S. Vigdor: 2010 RHIC
operational review
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QGP Properties at RHIC and LHC
(0.2 - 5.5 TeV AA and pA Collisions)

- Upgrade for HF hadron measurements
- di-leptons: v,, p spectra, Ry, --- VS. mass

/ quark-gluon plasma

(2 AT CEE A

CSR External-Target Experiment:

1) Extreme high baryon density and low
temperature region

2) Strong nucleonic interactions )

Temperature T/T -

o
(@)}
‘ ‘ ‘
Patonic Matter
Hadronic Matter

Nucleonic

Baryon Chemical Potential ug/T
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=0 Summary and Outlook

1) ALICESTAR at RHIC: Dedicated facility for
studying matter with QCD degrees of freedom:

- Properties of QGP

- Sea quark and gluon contributions to proton helicity structure
- QCD critical point, phase boundary

2) Future: EIC (erHIC, 2022- ...
- Partonic structures of nucleon and nuclei

- Understanding the dynamical evolution from cold nuclear
matter to hot QGP

Phase Structures of QCD Matter
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Many Thanks to the
Organizers!
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Element Abundance (Relative to Hydrogen)
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Helium (3He)

. WMAP Observation

Lithium (7Li)
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T

OHelium 4 (“He)

i
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1 1l 11 111111

NASAWMAP Science Team
WMAP101087

1011 1010

109

10°8 107

Density of Ordinary Matter (Relative to Photons)

Element Abundanca graphs: Staigman, Encyclopadia of Astronomy

and Astrophysics (Insitute of Physics) Dacamber, 2000
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